Genetic defects in DNA repair mechanisms and cell cycle checkpoint (CCC) genes result in increased genomic instability and cancer predisposition. Discovery of mammalian homologs of yeast CCC genes suggests conservation of checkpoint mechanisms between yeast and mammals. However, the role of many CCC genes in higher eukaryotes remains elusive. Here, we report that targeted deletion of an N-terminal part of mRad17, the mouse homolog of the Schizosaccharomyces pombe Rad17 checkpoint clamp-loader component, resulted in embryonic lethality during early/mid-gestation. In contrast to mouse embryos, embryonic stem (ES) cells, isolated from mRad17 arrest cell cycle progression upon induction of DNA damage. However, they displayed impaired homologous recombination as evidenced by a strongly reduced gene targeting efficiency. In addition to a possible role in DNA damage-induced CCC, based on sequence homology, our results indicate that mRad17 has a function in DNA damage-dependent recombination that may be responsible for the sensitivity to DNA-damaging agents.
Introduction
Accurate transmission of genetic information from a dividing cell to its daughters is essential for the survival of organisms. To minimize the number of irreversible mutations, extreme accuracy in DNA replication and equal distribution of chromosomes between daughter cells are critical. In addition, maintaining genome stability requires accurate repair of physiologically and environmentally induced DNA damage. Throughout the cell cycle, DNA integrity is monitored by checkpoint pathways, which arrest cell cycle progression upon the presence of DNA damage or unreplicated DNA (Hartwell and Weinert, 1989; Zhou and Elledge, 2000) . This arrest in cell cycle progression, often referred to as DNA damage-induced cell cycle checkpoint (CCC), provides a window of opportunity for DNA damage repair or causes irreversible withdrawal from the cell cycle. Loss of these CCCs can result in genomic instability, which is linked to an increase in cancer susceptibility.
The importance of DNA damage-induced CCC is illustrated by the human disorder ataxia telangiectasia (AT), caused by mutations in the ATM gene (Savitsky et al, 1995) and characterized by increased sensitivity to DNA damage, high frequency of chromosomal aberrations and elevated risk of cancer. Most notably, ATM shares significant homology with Rad3 from the fission yeast Schizosaccharomyces pombe and with TEL1 from the budding yeast Saccharomyces cerevisiae (Savitsky et al, 1995) . These sequence similarities and those of other CCC genes between the two distantly related yeast species and the identification of mammalian homologs strongly suggest that CCC mechanisms are highly conserved among eukaryotic cells.
In response to DNA damage, different putative CCC pathways can be identified. The mitotic cell cycle can be inhibited before commitment to S phase DNA replication at the G1/S transition (G1/S checkpoint; Siede et al, 1993) , during S phase (intra-S checkpoint; Paulovich and Hartwell, 1995) and upon entry into mitosis from G2 (G2/M checkpoint; Hartwell and Weinert, 1989) . In recent years, a variety of genes have been identified that, when defective, lead to hypersensitivity to agents causing DNA damage or replication stalling, such as UV light, g-radiation and hydroxyurea (HU), and to disturbed cell cycle response upon genome damage. In S. pombe, the products of Rad1, Rad3, Rad9, Rad17, Rad26 and Hus1 have been identified as essential components of DNA damage-induced CCC pathways. Mutants of these checkpoint genes fail to undergo a dose-dependent cell cycle arrest in response to DNA damage or incomplete DNA replication. In S. cerevisiae, a similar group of checkpoint genes RAD9, RAD17, RAD24, TEL1, MEC1, MEC3 and DDC1 is found to be required for DNA damage-induced mitotic cell cycle arrest.
In S. pombe, Rad17 is indispensable for S phase and G2/M arrest in response to both DNA damage and incomplete DNA replication. The structural counterpart in S. cerevisiae is RAD24. In both human and mouse, homologs of the Rad17 gene, hRAD17 and mRad17, respectively, have been identified and characterized (Bluyssen et al, 1999; von Deimling et al, 1999) . Homology is also detected between the Rad17 homologs and proteins of mammalian replication factor C (RFC). RFC consists of five structurally related subunits (RFC 1-5 ; Lee et al, 1991) , which all contain intrinsic DNAdependent ATPase activity and together act as a 'clamp loader' for proliferating cell nuclear antigen (PCNA). PCNA operates as a sliding clamp complex along DNA and is involved in recruiting replicative DNA polymerases d and e onto primed DNA templates (Hubscher et al, 2002) . A recent study has demonstrated that Rad17 associates specifically with members 2-5 of the RFC complex (Green et al, 2000; Ellison and Stillman, 2003) , suggesting that Rad17 and RFC1 are competing for interaction with the other four RFC subunits. The homology of Rad17 with RFC and the interaction with the PCNA-like Rad9-Rad1-Hus1 (9-1-1) complex suggests a role for Rad17 in the recruitment of this complex to DNA lesions in a manner similar to PCNA loading by RFC (Zou et al, 2002; Ellison and Stillman, 2003) . Consistent with this notion, the 9-1-1 complex is less extractable from the nucleus upon DNA damage induction, suggesting a DNA damage-induced association to chromatin stimulated by Rad17 . Hus1 is phosphorylated after the induction of DNA damage and this modification requires other CCC Rad proteins, including the ATM/ATR-related kinase Rad3 (Kostrub et al, 1998) . In S. pombe, Rad3 phosphorylates its tightly bound partner Rad26 after ionizing radiation treatment, independent of Rad17 and the 9-1-1 complex (Edwards et al, 1999) , suggesting that the Rad3-Rad26 complex might directly respond to certain types of DNA damage. The recent identification of ATRIP (ATR-interacting protein), the human homolog of Rad26, suggests a similar, Rad17-and 9-1-1 complex-independent, mechanism for detection of certain types of DNA lesions in human cells (Cortez et al, 2001) . However, the phosphorylation of Rad17 by ATR, both in different complexes, is stimulated by Hus1 (Zou et al, 2002) . These data indicate that the 9-1-1 complex recruited by Rad17 upon DNA damage induction enables ATR to recognize its substrates on the chromatin and thereby combine two independent sensory pathways to activate the DNA-damage response fully.
Although our understanding of DNA damage-induced CCC mechanisms is improving, many aspects of CCC function in mammals remain elusive. To determine the role of mRad17 in mouse development and mouse CCC function, we produced a targeted disruption of mRad17. Here we report that deletion of mRad17 leads to death in early-to mid-gestation embryos. Although no damage-induced CCC defects could be detected, our analyses of viable mRad17
cells, producing truncated mRad17, reveal the involvement of mRad17 in DNA damage-dependent recombination.
Results

Deletion of mRad17 results in embryonic lethality during early/mid-gestation
For targeting the mRad17 gene, we constructed a targeting vector with a 110 bp deletion in exon 3. Due to this deletion, the reading frame is shifted, resulting in the formation of three immediate stop codons in the new reading frame. A neomycin selection cassette, driven by the PGK promoter, was cloned in antisense orientation in intron 2 ( Figure 1A ). Because the region deleted in the targeting vector is present in all different splice variants of mRad17 and the frameshift results in the presence of multiple stop codons, we anticipated that homologous integration of this targeting vector would result in an mRad17 null allele. The linearized targeting construct was electroporated into E14 ES cells and, after G418 selection, resistant clones were screened by DNA blotting of PstI-digested genomic DNA ( Figure 1B ). Three clones that had undergone homologous recombination events were obtained out of 240 clones tested. These clones were karyotyped and further analyzed for correct 3 0 integration of the targeting vector by PCR (data not shown). Two of the clones, F17 and F24, were injected into C57bl/6 blastocysts to produce chimeric mice that transmitted the targeted mRad17 allele through the germ line. No differences between the two independent mouse lines were detected in the experiments described below, indicating that the resulting mouse mutant represents a 'bona fide' outcome of the genetic modification. Male chimeras were bred to C57bl/6 females to produce mRad17 (Table I ). Both mRad17
0 D and wildtype mice were present, suggesting that the homozygous mutant mRad17 results in embryonic lethality. As mRad17
0 D pups were born in normal numbers and showed no abnormal phenotype, a dominant-negative effect of the targeted allele is not likely. Transcription of the targeted mRad17 allele was examined using RT-PCR on RNA isolated from E8.5 embryos, using primers F285 in exon 2 and R548 in exon 3 ( Figure 1A ). The RT-PCR experiment revealed the presence of three differently sized mRad17 mRNAs, designated 'wt', 'D' and 'N', respectively, in wild-type, mRad17 embryos ( Figure 1E ), supporting our prediction that the targeted disruption would result in an mRad17 null mutant allele.
To characterize the timing and nature of the embryonic lethality caused by the absence of mRad17, we analyzed early/mid-gestation embryos from heterozygous mRad17
matings. Up to E8.5, no obvious differences were detected between wild-type, mRad17 embryos showed growth retardation, morphological defects or had an inviable appearance (Table I ; Figure 2C and D). At days E9.5 and E10.5, a larger proportion of the mRad17
embryos showed morphological abnormalities, but still most embryos were essentially normal (Table I ; Figure 2E and H). At E11.5, the majority showed numerous and heterogeneous morphological abnormalities. The most striking were growth retardation, reduction in the number of somites, bleedings in rhomencephalon, mesencephalon and prosencephalon, failure to close the head folds, delays and abnormalities in the development of the neural tube and pharyngeal arches, bleedings and morphological abnormalities of heart and liver (Table I ; Figure 2I and J). Viable mRad17-deficient embryos were not detected at later stages of gestation (Table I ). In conclusion, deletion of mRad17 results in a wide range and extensive heterogeneity of defects over a relative long period of embryonic development.
Generation of mRad17-deficient mouse cell lines
The results described above suggest that mRad17
bryos are viable up to E8.5 of gestation. Metaphase spreads from such E8.5 embryos did not show obvious genomic instability and no endoreplication (Table II) . This is in contrast to Rad17 flox/À human colon epithelial cells, which exhibited acute chromosomal aberrations and underwent endoreplication at high rate upon Rad17 deletion (Wang et al, 2003) . Therefore, we attempted to derive mouse embryonic fibroblasts (MEFs) from E8.5 embryos. Out of 40 embryos isolated from mRad17
0 D primary MEF cultures were obtained. The expected number of embryos based on Mendelian inheritance. Figure 3A ). When mRad17 protein expression was investigated on immunoblots using an mRad17 antibody, unexpectedly, a smaller protein band could be detected in mRad17
0 D ES whole-cell extracts (WCE; Figure 3B ). This is in contrast to mRad17
which no mRad17 could be detected (data not shown). Usage of a second, independent polyclonal mRad17 antibody confirmed these results (data not shown). Skipping of the natural start codon and usage of a second ATG in exon 3, which is out of frame in the natural mRad17 sequence, could lead to production of truncated mRad17 protein because the 129 bp deletion and the addition of 19 bp cloning sequence results in a frameshift. Due to this frameshift, usage of the second ATG results in the loss of 78 N-terminal amino acids of the regular mRad17 frame and the addition of 16 N-terminal nonsense amino acids ( Figure 3C ). The wild-type and 5 0 D-mRad17 were expressed to a similar level, since no difference in the amount of the proteins was detected in WCE ( Figure 3B ). However, immunoblotting of subcellular fractions revealed that, compared to wild-type mRad17, less of the 5 0 D-mRad17 protein was present in the nucleus. This is evident from a reduction in the one-to-one ratio of the 5 0 D-mRad17 to wild-type mRad17 in the WCE compared to the nuclear fraction. This is observed when comparing extracts from wild-type cells with extracts from mRad17 comparable to wild-type ES cells and no genomic instability was detected between early and late passages (Table III) . UV light, mitomycin C, illudin-S, methyl methane sulfonate and hydroxyurea S. pombe Rad17 and S. cerevisiae RAD24 mutants are characterized by hypersensitivity to a wide variety of DNAdamaging agents. We therefore investigated the sensitivity of mRad17
0 D and wild-type ES cells after ES cells were B2.5-fold more sensitive than wild-type ES cells but less sensitive than Xpa À/À ES cells to illudin-S, which induces lesions presumed to be removed by transcription-coupled repair and which are also detected by the DNA replication machinery ( Figure 4D ; Jaspers et al, 2002) . Methyl methane sulfonate (MMS) exposure, inducing DNA lesions repaired by recombination and DNA translesion synthesis, revealed an B1.5-to 2-fold increased sensitivity of mRad17 Figure 4F ). Because RDS is a hallmark of cells known to be defective in the induction of intra-S checkpoints, the results suggest that, in ES cells, deletion of the 5 0 end of mRad17 has no detectable effect on this checkpoint or, alternatively, that mRad17 is not essential for it.
The absence of an overt RDS in mRad17
prompted us to analyze other CCCs. Asynchronously growing ES cultures were exposed to various DNA-damaging agents and at different time points DNA content was ascertained by propidium iodide staining and analyzed by flow cytometry. The responses to g-irradiation and to MMC are presented in Figure 5 . Wild-type ES cells responded initially (6 h) by accumulation in S phase and G2 leading to a depletion of cells in the G1 pool, followed by a strong increase in cells in the G2 fraction (at 12 h) and in the case of g-rays normalization of the G1 pool at 24 h. At the dose of MMC used, cells accumulated in G2; however, at a lower dose (0.2 mg/ml), a similar recovery of the G1 fraction was noted as observed for the gray response (data not shown). Similar findings were obtained with different doses of both DNA-damaging agents. All three independently isolated mRad17 We also investigated the effect of 5 0 D-mRad17 on the apoptotic response upon DNA damage, but did not find any differences compared to wild-type ES cells (data not shown). We conclude that, at least in ES cells, deletion of the 5 0 end of mRad17 has no detectable effect on DNA damage-induced CCC nor on apoptosis.
Effect of mRad17
Since lack of wild-type mRad17 expression does not lead to impairment of intra-S and G2/M cell cycle arrests, nor increased apoptosis upon exposure to DNA-damaging agents, we investigated whether there are differences in genomic stability after acquiring DNA damage between wild-type, mRad17 has been demonstrated that although homologous recombination between identical DNAs, as measured by SCE, is unaffected, the cells are defective in homologous gene replacement. The difference between homologous recombination between sister chromatids and homologous gene replacement is that the former recombination occurs between identical sequences while in the latter the homology is interrupted by nonidentical sequences, for example, the selectable marker. We investigated the possibility that mRad17 is also involved in the homologous recombination subpathway that mediates homologous gene replacement. The capacity of wild-type and mutant cells to conduct gene targeting was assessed using a green fluorescent protein (GFP)-based gene targeting assay. ES cells were electroporated with a construct designed to introduce a GFP tag in the mouse Rad54 locus. This targeting construct is referred to as 11.1hRad54GFP knock-in construct ( Figure 6A ; Abraham et al, 2003) . Targeted integration of the construct within the Rad54 locus results in expression of GFP-tagged mRad54 from the endogenous mRad54 promoter. Homologous integration can be scored in individual cells as green fluorescence, using FACS analysis, as established by DNA blot analysis of genomic DNA of individually sorted and expanded green fluorescent cells (data not shown). Random integration of the Rad54-GFP construct resulted in nonfluorescent cells. Using this assay, transfection of the Rad54-GFP construct into the wild-type ES cells resulted in targeting efficiencies of B23% ( Figure 6B ). Similar targeting efficiencies were obtained with ES cells from both 129Sv and C57bl/6 genetic background, indicating that the genetic background does not influence the efficiency of targeted gene replacement at the mRad54 locus (data not shown). The targeting efficiency is similar to that determined by DNA blotting analysis (Niedernhofer et al, 2001) . As a negative control, we used Ercc1 À/À ES cells that are completely deficient in targeted gene replacement (Niedernhofer et al, 2001) . Transfection of the Rad54-GFP construct to Ercc1 À/À ES cells resulted in 0.7% green fluorescent cells ( Figure 6B ), which is similar to the background level in this assay. We then examined the capability of mRad17 Figure 6B ). Rad54 expression is not affected by the Rad17 mutation, as shown in the immunoblot ( Figure 6C ). Together, these data show that mRad17 plays an important role in recombination.
Discussion
S. pombe Rad17 is one of the components of the cellular machinery that responds to DNA damage and stalled DNA replication. In this study, we examined the role of the mouse homolog of Rad17 by analyzing the consequences of a targeted deletion of mRad17. Our findings reveal an important role for mRad17 in cell growth and/or differentiation at an early stage of embryonic development, as mRad17-deficient (al-Khodairy and Carr, 1992) . This may indicate that mRad17 has acquired functions not mediated by S. pombe Rad17 or S. cerevisiae RAD24. However, in view of the strong sequence conservation of the Rad17 protein between yeast and mammals and the notion that it is part of a larger complex, this option may not seem very likely. A more plausible explanation is that fundamental physiological differences between yeast and mammalian cells increase the requirement for mRad17. During early embryogenesis, cells are constantly under mitotic stress as divisions in some regions of the embryo can occur as rapidly as every 2-3 h. Under these circumstances, correct ordering of cell cycle events and fast repair of DNA damage or resolution of replication stalling are crucial. Failures, caused by mitotic stress, may lead to random drop out of cells in early embryogenesis. This may lead to heterogeneous effects later in development and explains the observed heterogeneity in time and cause of embryonic lethality. In this respect, it is not surprising that targeted disruption of other mouse cell cycle genes, including Atr ( human HCT116 colon epithelial cells, of which 490% were unable to form colonies upon Ad-Cre infection and subsequent loss of Rad17 (Wang et al, 2003) . However, in cells freshly isolated from mRad17
0 D embryos, we failed to observe detectable levels of chromosomal instability and endoreplication, as present in RAD17 flox/À epithelial cells (Wang et al, 2003) . In the established Ad-Cre-infected RAD17 flox/À epithelial cells, inefficient apoptotic responses or DNA repair may result in chromosomal aberrations and endoreplication. Possibly, a more efficient apoptotic response in primary mRad17 cells. The molecular mechanism for the observed discrepancy of truncated mRad17 expression between ES cells and somatic cells is unclear at this point, but might involve differences in translation initiation and/or protein stability between these cell types. Although a mutant form of mRad17 is expressed in these ES cells, they show hypersensitivity to different types of DNA damage induced by g-irradiation, UV light, MMC, MMS and illudin-S and replication stalling induced by HU treatment. Thus, like Rad17 in S. pombe, mouse Rad17 is involved in cellular responses to genotoxic stress. However, in striking contrast to S. pombe Rad17 and S. cerevisiae RAD24 mutants, cell cycle arrest during S phase and the G2/M transition upon induction of DNA damage is not affected in mRad17
cells, expressing the shorter mRad17 mutant form (Weinert et al, 1994; Lydall and Weinert, 1997) . In addition, our results with mRad17 also differ from those obtained with other mammalian cell lines defective in CCC genes. (Essers et al, 1997) . Our results in mouse ES cells lead us to consider that mRad17 may be involved in both CCC and DNA repair processes. This is not unprecedented because a similar dual function is found for the Rad50/Mre11/Nbs1 complex, which also has both DNA repair and CCC functions (Bender et al, 2002; Falck et al, 2002) . It is possible that ES cells require only the contribution of mRad17 to DNA repair, while in more differentiated cells both functions of mRad17 are required, making it essential for cellular viability. This might also explain the fact that, in contrast to mRad17 In contrast to MEFs, ES cells do not arrest at the G1/S transition (Aladjem et al, 1998; Schmidt-Kastner et al, 1998) . DNA damage can trigger G1/S cell cycle arrest in mRad17
0 D MEFs, which could lead to irreversible withdrawal from cell cycling. However, this cannot be the sole explanation as the ES cell CCCs for intra-S and G2 do not appear to be abnormal, except when the initial DNA damage signaling in ES cells is principally different for all CCCs when compared to other cell types. In this respect, it is interesting that deletion of p21 can rescue poor growth of other cell cycle protein-deficient MEFs, including ATM À/À (Wang et al, 1997; Xu et al, 1998) and Hus1 À/À cells (Weiss et al, 2000) .
However, a more plausible explanation is that the reduced amount of 5 0 D-mRad17 compared to wild-type mRad17, present in the nucleus and bound to chromatin, may be sufficient for mRad17 gous gene targeting and show hypersensitivity to a variety of DNA-damaging agents. One conclusion from these findings is that the hypersensitive phenotype apparent in these mRad17
0 D ES cells is not due to a compromised CCC function but is primarily derived from the defect in homologous recombination, most likely dependent on DNA damage. This opens the possibility that the hypersensitivity of other CCC genes is also caused by inefficient handling of DNA lesions. A common intermediate in homologous recombination and DNA damage repair is a single-stranded DNA gap. It is possible that mRad17 has a role in restoration of these single-stranded DNA gaps to duplex DNA, which requires the action of a DNA polymerase (Figure 7 ; Venclovas and Thelen, 2000; Ellison and Stillman, 2003) . A docking site for DNA polymerase d and e on the chromatin is provided by PCNA, which is loaded by RFC 1-5 (Hubscher et al, 2002) . Similarly, mRad17 can bind to the four small subunits of RFC (mRad17/RFC 2-5 ; Green et al, 2000; Ellison and Stillman, 2003) . mRad17/RFC 2-5 may have a higher affinity for nicked or gapped DNA, resulting in the loading of the 9-1-1 trimer (Rauen et al, 2000) . Rad9, Rad1 and Hus1 may be involved in further processing or stabilization of the DNA repair intermediate structures and/or provide a platform for other DNA repair enzymes, including DNA lesion bypass polymerases (Ellison and Stillman, 2003) . CCC may be mediated by the mammalian homologs for the S. pombe Figure 7 Schematic model of the role of mRad17 in DNA damage. In response to DNA damage, RFC 1 from the RFC 1-5 complex is replaced by mRad17 to form a Rad17-RFC 2-5 complex. If this complex has a higher affinity for damaged or gapped DNA than RFC 1-5 , then this could result in the preferential loading of the Rad9-Rad1-Hus1 heterotrimer onto the site of damage compared to PCNA. Phosphorylation of mRad17, by ATR/ATRIP and stimulated by Hus1, may result in dissociation of Rad17-RFC 2-5 from Rad9-Rad1-Hus1, which then forms a docking site for translesion bypass DNA polymerases or may result in a template switch. In this model, CCC is not necessarily mediated by mRad17 but by other protein complexes, possibly ATR/ATRIP, binding to the site of damage independently of mRad17.
Rad3/Rad26 complex, ATR/ATRIP (Cortez et al, 2001) , binding to the damaged DNA independently of Rad17.
Materials and methods
Construction of the mRad17 targeting vector
To construct an mRad17 targeting vector, an mRad17 genomic 4.8 kb XbaI fragment was used as the 3 0 homologous fragment. This fragment, which contains 38 bp of the end of exon 3, was subcloned into the XbaI site of pGEM-9Zf (Promega), excised as an SpeI-SalI fragment and cloned into SpeI-SalI sites of pGem-5Zf (Promega). For the 5 0 homologous fragment, a 5 kb PCR fragment, generated with primers F285 (5 0 -GTCAGAAACTTTCCTTAGACCAAAGGTGTC-3 0 ) and R380 (5 0 -GTGATGGCGGTGTTGGC CTCAAAGTC-3 0 ) and containing 55 bp of the beginning of exon 3, was cloned into pGem T easy (Promega). A pgk-Neo selection cassette was cloned in antisense orientation into a unique AvaI site in intron 2, approximately 200 bp 5 0 of exon 3. The insert was then excised from the pGem T easy vector using a partial SpeI-SacII digest and cloned into SacII-SpeI sites of pGem-5Zf, which already contained the 3 0 homologous fragment. In this way, a 110 bp deletion of exon 3 was generated. The targeting vector was linearized using a unique PmeI site that was generated 5 0 of the insert.
ES cell culture, gene targeting and generation of mRad17 mutant mice E14 ES cells (subclone IB10) were cultured in BRL-conditioned medium supplemented with 1000 U/ml leukemia inhibitory factor. A 20mg portion of the PmeI-linearized targeting vector was electroporated into approximately 10 7 ES cells in 500 ml. Selection with 0.2 mg/ml G418 was started 24 h after electroporation. After 8-10 days, G418-resistant clones were isolated. Screening for homologous recombinants was performed using DNA blot analyses of PstI-digested DNA with a 350 bp 5 0 external probe. Correct integration of the 3 0 end of the targeting construct was verified by PCR using a neomycin-specific primer (FNeo: 5 0 -AACCTGCGTG CAATCCAT-3 0 ) and a primer outside the targeting vector in exon 5 (R348: 5 0 -GGTCGTTGTCTTTCCACAT CCAGG-3 0 ). Out of 240 G418-resistant clones, three ES clones had a correctly targeted mRad17 allele. Two out of the three correctly targeted ES clones (designated F17 and F24) were injected into blastocysts of C57Bl/6 mice and transplanted into B10/CBA foster mothers. Chimeric offspring was mated to C57bl/6 females and resulted in mice heterozygous for the targeted mRad17 allele. These mice were further intercrossed, resulting in mice with a mixed 129Sv/C57bl/6 genetic background. Germline transmission and genotyping of offspring were carried out by PCR. Primers F325 (5 0 -GTGACAGACTGGGTAGCTCCAGCC-3 0 ) and R548 (5 0 -GGCTCATTGTCGGACAGACGCT CTC-3 0 ) encompassing the deletion in exon 3 were used.
Cell fractionation and immunoblotting
Cell fractionation was performed as described (Zou et al, 2002) . For immunoblotting, a-Rad17 H-300 (Santa Cruz), a-histone H3 (Upstate), a-actin (Chemicon Int.), a-Grb2, a-Msh6 (Becton Dickinson) and a-hRad54 (Essers et al, 1997) were used.
Colony survival curves
Sensitivity of ES cells to increasing doses of DNA-damaging agents was determined as described previously (Essers et al, 1997) . Briefly, cells were plated in 6 cm dishes, at various dilutions. After 12-16 h, cells were irradiated with a single dose in the range of 0-10 Gy using a 137 Cs source or UV (0-8 J/m 2 ) or treated for 1 h with MMC (0-0.8 mg/ml), illudin-S (0-0.3 ng/ml) or MMS (0-1.7 mM). Cells were grown for 4-6 days, fixed, stained and colonies were counted. For the HU colony survival assay, 500-20 000 ES cells were plated in a 6 cm dish 4 h prior to the addition of HU. After 5-7 days, cells were fixed and stained. All experiments were performed in triplicate.
Flow cytometric analysis
Confluent ES cells (60-70%) on 10 cm culture dishes were either irradiated with a single dose of g-radiation (5 or 10 Gy) using a 137 Cs source or treated for 1 h with MMC (0.2 or 0.5 mg/ml). At different time points after treatment, cells were collected and fixed with 70% ethanol. After a minimum of 2 h on ice, cells were washed with phosphate buffered saline (PBS) and resuspended in 400 ml PBS containing 0.1% Triton X-100, 0.1 mg/ml propidium iodide and 0.1 mg/ml RNAse. Cells were incubated overnight and analyzed on a Facscan (Becton Dickinson).
Transfections and recombination assays
To quantitate the efficiency of homologous gene targeting, ES cells were transfected with a Rad54-GFP knock-in construct containing a puromycin selectable marker (Abraham et al, 2003) . At 1 week after puromycin selection, plates were trypsinized, resuspended to single-cell suspensions in PBS and fixed with 1% paraformaldehyde. After permeabilization with 0.1% Triton X-100 and RNAse treatment, cells were analyzed in a Becton Dickinson FacsCalibur on a green fluorescence (FL1) versus forward scatter (FSC-H) plot ( Figure 6 ). GFP-positive and -negative cells appeared in separate populations, above and below the diagonal line, respectively ( Figure 6 ). Results were also plotted in a fluorescence (GFP) histogram ( Figure 6 ). The expression level of mRad54 was analyzed using a-hRad54 antibodies (Essers et al, 1997) .
